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Summary
Anaerobic degradation of hydrocarbons was discov-
ered a decade ago, and ethylbenzene dehydrogenase
was one of the first characterized enzymes involved.
The structure of the soluble periplasmic 165 kDa en-
zymewas established at 1.88 A˚ resolution. It is a heter-
otrimer. The a subunit contains the catalytic center
with a molybdenum held by two molybdopterin-gua-
nine dinucleotides, one with an open pyran ring, and
an iron-sulfur cluster with a histidine ligand. During
catalysis, electrons produced by substrate oxidation
are transferred to a heme in the g subunit and then pre-
sumably to a separate cytochrome involved in nitrate
respiration. The b subunit contains four iron-sulfur
clusters and is structurally related to ferredoxins.
The g subunit is the first known protein with a methio-
nine and a lysine as axial heme ligands. The catalytic
product was modeled into the active center, showing
the reaction geometry. A mechanism consistent with
activity and inhibition data of ethylbenzene-related
compounds is proposed.
Introduction
Ethylbenzene dehydrogenase (EBDH, EC 1.17.99.2) was
isolated from Aromatoleum aromaticum strain EbN1
(formerly named Azoarcus sp.). The strain was derived
from freshwater mud after anaerobic cultivation on
crude oil in the presence of nitrate, demonstrating that
aromatic hydrocarbons can be degraded anaerobically
(Rabus and Widdel, 1995). Furthermore, it was shown
that the enzyme EBDH catalyzes the dioxygen-indepen-
dent stereospecific hydroxylation of ethylbenzene to 1-
(S)-phenylethanol, which is the first step of the degrada-
tion pathway (Kniemeyer and Heider, 2001; Johnson
et al., 2001). EBDH contains molybdenum and is a solu-
ble periplasmic protein. It couples to artificial electron
acceptors only if they have a high redox potential, like
the ferricenium ion with an E00 of +380 mV. This suggests
that its natural electron acceptor may be a periplasmic
cytochrome c of similarly high potential. The free energy
corresponding to the large redox potential difference
*Correspondence: georg.schulz@ocbc.uni-freiburg.debetween the electron acceptor and the 1-phenyletha-
nol/ethylbenzene couple with an E00 of +30 mV is dissi-
pated, explaining the observed irreversibility of the reac-
tion (Kniemeyer and Heider, 2001).
Sequence comparisons indicated that EBDHis amem-
ber of the dimethylsulfoxide (DMSO) reductase family of
molybdenum bis-molybdopterin-guanine dinucleotide
(Mo-bisMGD) enzymes, which together with the xanthine
oxidase and sulfite oxidase families comprise all known
enzymes with mononuclear molybdenum in the active
center (Hille, 1996). The members of the DMSO reduc-
tase family are from bacterial and archaeal species and
seem to be more numerous than those of the other two
families. The DMSO family has been subdivided into sub-
families I, II, and III (McDevitt et al., 2002). The initial
structure of a subfamily I member was that of formate
dehydrogenase-H (Boyington et al., 1997). The first
structures of subfamily II and III members were those
of a respiratory nitrate reductase NarGHI (Bertero et al.,
2003; Jormakka et al., 2004) and of DMSO reductase
(Schindelin et al., 1996), respectively.
EBDH is a heterotrimer and belongs to subfamily II
(Johnson et al., 2001). In contrast to the other structur-
ally known member of subfamily II, the membrane
bound nitrate reductase NarGHI, EBDH is soluble and
located in the periplasm. It has been shown that its
a subunit contains the cofactor Mo-bisMGD and one
Fe-S cluster, while its b subunit carries several Fe-S
clusters and its g subunit binds a heme b (Fe-protopor-
phyrin IX) (Kniemeyer and Heider, 2001; Johnson et al.,
2001; Szaleniec et al., 2003). The isolated enzyme is un-
stable in an aerobic environment but can be stabilized
by the addition of a strong oxidant with an E00 of around
+400 mV, presumably because the oxidant keeps heme
b in its ferric state preventing oxygen radical production.
Here, we report the high-resolution structure of EBDH,
establishing the conformations of the a, b, and g sub-
units together with the stoichiometry and structure of
the cofactors and their mode of assembly.
Results
Structure Determination
The EBDH crystals belonged to space group P21 with
one heterotrimeric molecule in the asymmetric unit.
Since EBDH was known to contain several Fe-S clusters
in the a and b subunits (Kniemeyer and Heider, 2001;
Johnson et al., 2001), data were collected at the iron K
edge to maximize the anomalous signal for phasing. Un-
fortunately, the long X-ray wavelength caused consider-
able radiation damage so that successive data sets from
the same crystal showed Riso values as high as 15%,
which prevented phasing by multiwavelength methods.
Using an attenuated beam, however, we succeeded in
collecting a suitable data set at the iron peak wavelength
and used it for single wavelength anomalous diffraction
(SAD) phasing (Table 1).
At 6 A˚ resolution, the anomalous differences revealed
six scatterers. Later on, it turned out that they repre-
sented the iron atoms of five Fe-S clusters and heme b.
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be resolved, the phases were calculated only at low
resolution and subsequently improved by density modi-
fication. This yielded a 4.2 A˚ resolution map showing
numerous a helices. The model was then improved by
a molecular replacement procedure based on the homol-
ogous a and b subunits NarG and NarH of respiratory
nitrate reductase (Bertero et al., 2003). The reductase
was positioned onto the five recognized Fe-S clusters
and those parts of the reductase that fitted the 4.2 A˚ res-
olution density of EBDH were used as a partial model.
The phases of this partial model were then combined
with the experimental 4.2 A˚ phases to yield further pieces
of the structure. After several iterations, the phases were
extended to the full 1.88 A˚ resolution of the data set, and
a complete model was built and refined to good quality
indices (Table 1).
Oligomeric Structure
The subunit organization of the EBDH heterotrimer is
shown in Figure 1. The overall shape is that of a ‘‘horn
of plenty.’’ The opening of the horn is formed by the
a subunit, which contains the active center with a Mo-
bisMGD cofactor and one Fe-S cluster (FS0). The re-
maining four Fe-S clusters FS1 through FS4 are in the
b subunit functioning as an electron transport chain to
the heme b of the g subunit at the tip of the horn. The
Table 1. X-Ray Data Collection and Refinement Statistics
Data Collectiona
Data set High resolution SAD
Wavelength (A˚) 1.2400 1.7381
Resolutionb (A˚) 50–1.88 (1.94–1.88) 50–2.4 (2.6–2.4)
Unique reflections 127,864 116,641c
Completenessb (%) 98.0 (80.7) 91.1 (58.8)
Average I/s(I)b 8.8 (2.8) 9.7 (2.7)
Rmerge
b (%) 10.4 (38.5) 13.6 (46.7)
Multiplicity 3.6 5.9c
Refinementa
Resolution range (A˚) 47–1.88
Unique reflections 127,864
Protein atoms 11,571
Cofactors and ligands 250
Water molecules 818
Average B-factors (A˚2)d
Main chain
24.8
Cofactors and acetate 19.8
Water molecules 35.6
RMSD bond lengths
(A˚)/angles (deg.)
0.016/1.64
Rcryst (%)/Rfree (5%
test set) (%)
14.8/18.3
Ramachandran statistics
Favored (%)
97.4
Allowed (%) 2.5
Disallowed (%) 0.1
a The crystals belonged to space group P21 with one heterotrimeric
EBDH molecule per asymmetric unit. The unit cell parameters were
a = 112.5 A˚, b = 67.3 A˚, c = 114.8 A˚, b = 111.3 for the crystal mea-
sured to high resolution and a = 113.9 A˚, b = 68.4 A˚, c = 116.7 A˚,
b = 111.7 for the crystal used for the SAD measurement. The solvent
content was 50%. All data were collected at 100 K.
b The values in parentheses refer to the outermost shell.
c Friedel pairs treated as separate reflections.
d Residual B-factors after TLS refinement. One TLS group was used
for each subunit together with its bound cofactors.direct distance between molybdenum and the heme
iron is 64 A˚. The g subunit most likely communicates
with a terminal electron acceptor that has not yet been
identified. The a and b subunits are tightly associated,
showing a contact area of 4395 A˚2, while the interface
between the b and g subunits is merely 983 A˚2.
The oligomer architecture of the EBDH heterotrimer is
similar to that of the respiratory nitrate reductase NarGHI
(Bertero et al., 2003; Jormakka et al., 2004) and formate
dehydrogenase-N (Jormakka et al., 2002) both of which,
however, are membrane bound and form dimers of het-
erotrimers, i.e., hexamers. The a and b subunits of all
three enzymes are homologous. However, the g subunit
of EBDH differs completely from those of the other two
enzymes. Other structures related to the a, b, and g sub-
units are listed in Table 2.
The a Subunit
After removal of a signal peptide of the twin-arginine-
transport (tat) type (Rabus et al., 2002), the crystallized
polypeptide starts at position 55. In the crystal, the chain
is visible from Glu65 to Ala976. Residues 65–74 are asso-
ciated with the b subunit, whereas residues 55–64 are
mobile. The a subunit harbors the active center with its
Mo-bisMGD cofactor system, the chemical structure of
which is shown in Figure 2. The two MGD molecules dif-
fer from each other in that one has a closed pyran ring,
while the other assumes an open form. As usual (Hille,
2002), the Mo ion is held by two dithiolene groups. In ad-
dition, the subunit contains one [4Fe-4S] cluster named
FS0. The structure around the Mo ion is documented in
Figure 3. The electron density shows clearly the open
pyran ring of MGD-P and the closed ring of MGD-Q.
Such an open MGD molecule was also observed in one
of the two NarG structures (Bertero et al., 2003) and could
not be excluded in the other (Jormakka et al., 2004). The
open form of MGD-P is stabilized by hydrogen bonds be-
tween the 30-hydroxyl group and His855-Nd as well as
Arg612-Nz. It is far away from the first cluster FS0 and
therefore unlikely to be involved in electron transfer.
The corresponding ring oxygen of the closed MGD-Q is
in a less polar environment.
The chemical structure at the ring atoms C6 and C7 of
the open MGD-P is not yet clarified. However, our elec-
tron density in Figure 3 clearly indicated a flat sp2 center
at C6, favoring the tautomer drawn out in Figure 2. This
finding contradicts the reported tetrahedral C6 atom of
the open MGD-P of NarG (Bertero et al., 2003). It should
be noted that our electron density is also consistent with
a third double bond in the piperazine ring rendering it ar-
omatic. Such a conversion would involve an oxidation in
the neighborhood of the Mo redox center, which is quite
conceivable. The stereo centers of the C4a and C10a
atoms of the closed MGD-Q were derived from the elec-
tron density and stated explicitly in Figure 2 because
they were not always assigned in recent publications.
Surprisingly, the long a chain of 912 structured resi-
dues does not form domains separated along the chain.
Following previous publications (Boyington et al., 1997;
Schindelin et al., 1996), we defined domain I (residues
65–138, 659–676, and 737–770) containing cluster FS0,
domain II (146–222, 486–652, and 687–728) binding the
open MGD-P, domain III (226–468 and 777–824) binding
the closed MGD-Q, and domain IV (843–976), as shown
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The Cabackbones of the a, b, and g subunits are shown in green, blue, and orange, respectively. The N termini are appropriately colored spheres,
and the C termini are gray spheres. Mo-bisMGD, the iron-sulfur clusters, and the heme are depicted in an atomic representation. All cofactors are
part of an electron transport chain traversing all three subunits. The tunnel-like pocket leading to the active center is marked by a black line.
During catalysis, two electrons resulting from the use of water for the hydroxylation of ethylbenzene are transferred from the Mo center in the
a subunit to the heme iron in the g subunit, from where they are donated to a yet-unknown acceptor.in different colors in Figure 4A. This assignment follows
the spatial locations so that the domains are not separa-
ble along the chain and therefore unlikely to represent
general building blocks transferred from protein to pro-
tein during evolution. However, two comparatively small
babab-Rossmann motifs are present in domains II and III
(Figure 4A), binding the two MGD dinucleotides in the
commonly observed geometry (Schulz, 1992).
A deep pocket extends from the opening of the ‘‘horn
of plenty’’ to the active center of EBDH in the interior of
the a subunit (Figure 1). Since it is lined with predomi-
nantly nonpolar residues containing only few crystallo-
graphically defined water molecules, it is well suited for
the passage of nonpolar substrates such as ethylben-
zene. The [4Fe-4S] cluster FS0 of the a subunit is of the
usual type except for one of the four iron ligands being
a histidine instead of a cysteine, as observed with Nar-
GHI (Bertero et al., 2003). It is at a suitable electron trans-
fer distance from the pterin moiety of the closed MGD-Q.
A search for structures resembling the a subunit of
EBDH revealed the a subunit of the respiratory nitrate
reductase NarG (Bertero et al., 2003; Jormakka et al.,
2004) as the closest homolog showing 723 equivalent
Ca atoms within the usual 3 A˚ cut-off criterion (Table
2). Further structural homologs are DMSO reductases
(Schindelin et al., 1996; McAlpine et al., 1998), pyrogal-
lol-phloroglucinol transhydroxylase (Messerschmidt
et al., 2004), Mo-containing formate dehydrogenases
(Boyington et al., 1997; Jormakka et al., 2002), a tung-
sten-containing formate dehydrogenase (Raaijmakers
et al., 2002), the nitrate reductase NapA (Dias et al.,1999; Arnoux et al., 2003) and arsenite oxidase (Ellis
et al., 2001), which show 598 to 444 equivalenced Ca
atoms within the cut-off criterion. This indicates signifi-
cant evolutionary relationships, in particular in view of
the entangled chainfold of the a subunit.
The b Subunit
The structured part of this subunit consists of residues
16–352 (Figure 4B). The 15 N-terminal residues are dis-
ordered. Interestingly, both N termini of the a and b sub-
units are disordered and located in the same region of
the enzyme showing a distance of 19 A˚ between the first
ordered Ca atoms. It is conceivable that these mobile
chain ends are important for anchoring EBDH in a partic-
ular subcellular region.
The b subunit contains four of the five iron-sulfur clus-
ters of EBDH. Together with FS0 from the a subunit,
these clusters are arranged in a ‘‘W’’ shape (Figure 1).
The four clusters of the b subunit can be considered
as two cluster pairs related to each other by a pseudo
2-fold axis. The chainfold of each part is closely related
to the seven-iron type of ferredoxins (Macedo-Ribeiro
et al., 2001). Actually the b subunit can be considered
as an N-terminal ferredoxin (green) followed in tandem
by a duplication (red) starting at strand b11 shown in Fig-
ure 4B. We suggest that such a duplication occurred
during evolution and was then followed by a swap of
strands b10 (green) and b14 (red) together with their
respective preceding peptide.
A sketch of the tandem is shown in Figure 5A. The
close spatial relationship between these two parts of
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Enzyme, Source, Referencea
Oligomer
Organization
Compared
Subunit
Mo
Ligand Subfamily
Structure of
bisMGDb
4Fe-4S
Clusters
Other
Cofactors
Aligned
Residues
Identical
Resid. (%)
Chain
Length
EBDH, A. aromaticum (1) abg a Od2 II c - o 1 — — — 912
NarG, nitrate reductase,
E. coli (2)
(abg0)2 a Od1, Od2 II c - o 1 — 723 26 1244
NarG, nitrate reductase,
E. coli (3)
(abg0)2 a Od2 II c - c 1 — 723 26 1244
DMSO reductase,
R. sphaeroides (4)
a a Og III c - c — — 598 20 767
DMSO reductase,
R. capsulatus (5)
a a Og III c - c — — 504 22 823
TMAO reductase,
S. massilia (6)
a a Og III c - c — — 444 13 794
Pyr-phlo transhydroxyl.,
P. acidigalli (7)
ab a Og III c - c — — 533 22 875
Formate dehydrogenase-N,
E. coli (8)
(abg0)2 a Seg I c - c 1 — 514 18 982
Formate dehydrogenase-H,
E. coli (9)
a a Seg I c - c 1 — 446 18 697
W-formate dehydrogenase,
D. gigas (10)
ab a Seg I c - c 1 — 509 19 977
NapA, nitrate reductase,
D. desulfuricans (11)
a a Sg I c - c 1 — 464 19 720
NapA, nitrate reductase,
R. sphaeroides (12)
(ab0)2 a Sg I c - c 1 — 484 18 789
Arsenite oxidase,
A. faecalis (13)
(ab0)2 a OH
- — c - c — 3Fe-4S 479 17 822
EDBH, A. aromaticum (1) abg b — — — 3 3Fe-4S — — 337
NarH, nitrate reductase,
E. coli (2)
(abg0)2 b — — — 3 3Fe-4S 290 46 509
Pyr-phlo transhydroxyl.,
P. acidigalli (7)
ab b — — — 3 — 165 32 274
Formate dehydrogenase-N,
E. coli (8)
(abg0)2 b — — — 4 — 161 30 294
W-formate dehydrogenase,
D. gigas (10)
ab b — — — 3 — 149 26 214
EBDH, A. aromaticum (1) abg g — — — — heme b — — 214
Xylanase 10A, T. maritima (14) — C2 — — — — — 124 12 189
Cellobiose dehydr.,
P. chrysosporium (15)
— cyt — — — — heme b 96 7 186
Fab fragment,
M. musculus (16)
— VH — — — — — 75 7 120
a Protein Data Bank accession codes and references: (1) 2IVF; (2) 1Q16 (Bertero et al., 2003); (3) 1R27 (Jormakka et al., 2004); (4) 1EU1 (Schindelin
et al., 1996); (5) 4DMR (Schneider et al., 1996; McAlpine et al., 1998); (6) 1TMO (Czjzek et al., 1998); (7) 1VLD (Messerschmidt et al., 2004); (8) 1KQF
(Jormakka et al., 2002); (9) 1AA6 (Boyington et al., 1997); (10) 1H0H, the enzyme contains tungsten instead of molybdenum (Raaijmakers et al.,
2002); (11) 2NAP (Dias et al., 1999); (12) 1OGY (Arnoux et al., 2003); (13) 1G8K (Ellis et al., 2001); (14) 1I82, carbohydrate binding domain (Noten-
boom et al., 2001); (15) 1D7B, cytochrome domain (Hallberg et al., 2000); (16) 2H1P (Young et al., 1997).
b Letters c - c mean that both MGD have a closed pyran ring, whereas c - o stands for one ring closed and the other open.the b subunit and the ferredoxin is demonstrated by the
superposition shown in Figure 5B. Notably, FS4 is
a [3Fe-4S] cluster held by only three cysteines as in
the seven-iron-type ferredoxin. The close similarity of
the polypeptides curling around the clusters may have
a physical background. A closer inspection shows that
the observed peptide conformation causes an excep-
tionally large number of amides to point to the clusters,
stabilizing their net negative charges.
Similar to the a subunit of EBDH, the chainfold of the
b subunit resembles that of the b subunit of the respira-
tory nitrate reductase NarH (Bertero et al., 2003; Jor-
makka et al., 2004). The two chains show 290 structurally
equivalent Ca atoms within the usual 3 A˚ cut-off criterion
(Table 2). The equivalenced part has 46% sequence
identity and the cluster positions deviate by less than
0.5 A˚, indicating a close relationship. In both enzymes,
all iron atoms of the four clusters are ligated by cysteinesand the residues along the electron pathway are well
conserved. Accordingly, the redox potential midpoints
of these four clusters of EBDH should be similar to those
of NarH. The b subunits of the pyrogallol-phloroglucinol
transhydroxylase (Messerschmidt et al., 2004) and of
two formate dehydrogenases (Jormakka et al., 2002;
Raaijmakers et al., 2002) are more distantly related to
those of EBDH (Table 2).
The g Subunit
The g subunit consists of 214 residues in a single domain
forming a mostly antiparallel b sheet sandwich. All resi-
dues assume a defined conformation. The sheets form
a crescent-like structure that envelops a noncovalently
bound heme b (Figure 4C). The heme is well enclosed
by the four large loops of residues 34–52, 98–115, 130–
140, and 190–201, except for its two propionate side
chains that make hydrogen bonds with Lys185-Nz and
Structure of Ethylbenzene Dehydrogenase
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Mo-bisMGD
The numbering follows the relevant literature (Fischer et al., 1998). It
is noteworthy that MGD-P has an open pyran ring as in the equivalent
MGD reported for one of the two NarG structures (Table 2). In con-
trast, MGD-Q is closed. Its two stereo centers at positions 4a and
10a are both in the R configuration. The observed fifth (Asp223-
Od2) and sixth (acetate) ligand of Mo are given. It should be noted
that the exact structure of the piperazine ring of the open MGD-P
cannot be derived from our electron density. It is conceivable that
the piperazine ring is further oxidized by the nearby Mo redox center
to an aromatic system.His187-N3of the b subunit. Heme b is tightly packed in its
binding pocket, leaving no room for any other molecules.
In the crystal, the heme is planar and the iron lies ex-
actly in the plane of the four pyrrole rings. The two axial
ligands are Met108-Sd with an Fe-S distance of 2.3 A˚
and Lys201-Nz with an Fe-N distance of 2.0 A˚. Its mid-
point redox potential is +254 mV (B. Blaum and T. Frie-
drich, personal communication). The high potential can
be explained by the nonpolar heme binding pocket
and the two axial ligands favoring the uncharged ferrous
heme over the charged ferric form. A search through the
Protein Data Bank showed no other cases of heme pro-
teins with axial methionine and lysine ligands. However,
sequence alignments indicated that these ligands are
most likely also present in the homologous enzymes
DMS dehydrogenase (McDevitt et al., 2002), selenate re-
ductase (Schro¨der et al., 1997), and chlorate reductase
(Thorell et al., 2003). In comparison, the heme of formate
dehydrogenase-N (Jormakka et al., 2002) has Met-Sd
and His-Nd atoms as axial ligands and shows a midpoint
potential of +169 mV. The lower midpoint potential with
respect to the heme of EBDH agrees with the lower nu-
cleophilicity of lysine in relation to histidine, diminishing
the stabilization of the Fe3+ state.Figure 3. Structure of the Active Center around the Molybdenum Ion with the Original (Fo-Fc)-Difference Electron Density Obtained before Any
Ligands Were Included in the Refinement
The density contour levels are at 2.5 s (green) and 5.0 s (pink). The density is not consistent with an oxo group at the Mo ion, indicating that
molybdenum is in the reduced Mo(IV) state. (A) Standard view of the molybdenum center. (B) View rotated by 90 around a horizontal line to
show the acetate in its original density. On refinement, acetate is completely covered by density and identified as such.
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The stereo ribbon plots are slightly reoriented in relation to Figure 1. In order to facilitate chain tracing, the sequential numbers of the b strands are
given wherever possible. (A) The a subunit with Mo-bisMGD and iron sulfur cluster FS0. The active center pocket is indicated by a black line. The
chain regions designated as domains I through IV in previous publications of DMSO family members (Boyington et al., 1997; Schindelin et al.,
1996) are colored green, red, blue, and yellow, respectively. The segments constituting the domains are spatially close together but scattered
along the chain. The Rossmann-type babab motifs binding the two guanine moieties of Mo-bisMGD are emphasized with dark colors. (B) The
b subunit with its iron-sulfur clusters. The four clusters are bound to a pair of ferredoxin-like motifs. The green ferredoxin is N-terminal and fol-
lowed by a duplication (red) related through a pseudo 2-fold axis (marked). The two parts are closely intertwined by a swap of strands b10 and
b14 together with their preceding peptides. The additional polypeptide is colored blue. (C) The g subunit with heme b. The chainfold resembles
that of the VH domain of antibodies (Table 2). The equivalenced chain parts are emphasized in dark blue. The location of the antigen binding site in
relation to the VH domain is indicated by green chain segments and a green sphere.A search for structural homologs showed that the g
subunit is related to the carbohydrate binding domain
C2 of a xylanase (Notenboom et al., 2001), to the cyto-
chrome domain of an extracellular flavocytochrome
cellobiose dehydrogenase (Hallberg et al., 2000), andmore distantly to the VH domain of antibodies (Table
2). The heme b position corresponds closely to the
substrate binding site of the xylanase and to the heme
binding site of the dehydrogenase. In view of the well-
matching cofactor and substrate binding sites, the
Structure of Ethylbenzene Dehydrogenase
1383Figure 5. Relationship between the b Subunit and Ferredoxin
(A) Sketch of the b subunit with the colors of Figure 4B. The b subunit can be considered as two copies of a ferredoxin in tandem along the chain
with swapped parts (Figure 4B), a large insertion after position 60, and 112 additional residues after position 240.
(B) Stereoview of a seven-iron-type ferredoxin (Macedo-Ribeiro et al., 2001) drawn in purple with chain segments of the b subunit colored as in
Figure 4B. The chain superposition brings the iron-sulfur clusters (large spheres, FS2 and FS3 at the top, FS1 and FS4 at the bottom) close to-
gether. The same applies for the cysteines holding the clusters, the Ca atoms of which are indicated by small spheres. Note that the superpo-
sition is over the pseudo 2-fold axis so that the swap connection 210-211 does not exactly fit. The other swap connection 150-151 fits well.xylanase and the dehydrogenase seem to be related
through evolution. Interestingly, the antigen binding
site of the VH domain marked in Figure 4C is in an adja-
cent position when related to the b sheet sandwich.
However, the relationship with the VH domain is more
distant and may be of a physical rather than evolutionary
nature.
Active Center and Catalysis
The active center of EBDH is defined by the molybde-
num ion, which can be reached through the 25 A˚ long
tunnel-shaped pocket lined by mostly nonpolar resi-
dues. The molybdenum ion is coordinated by six ligands
in a slightly distorted trigonal prismatic geometry (Fig-
ure 6). Four of the ligands are the cis-dithiolene sulfur
atoms of the two MGD molecules located at distances
between 2.3 A˚ and 2.5 A˚. The fifth and sixth coordination
sites are occupied by Asp223-Od2 and by an oxygen
atom of a bound acetate ion from the buffer at distances
of 2.0 A˚ and 2.4 A˚, respectively. The side chain of Asp223
is held in place by Lys450-Nz backed up by the carbonyl
oxygens of residues 222 and 446. The same Asp-Lys
pair is conserved in selenate reductase (Schro¨der
et al., 1997) and in chlorate reductase (Thorell et al.,
2003), whereas it is an Asp-Arg pair in DMS dehydroge-
nase (McDevitt et al., 2002). These interactions cause
Asp223 to act as a monodentate ligand to Mo. A mono-
dentate aspartate ligand was also observed in one of thetwo NarG structures, whereas a bidentate aspartate co-
ordination was found in the other (Table 2).
In the analyzed EBDH crystal, the molybdenum ion
has no attached oxo group (Figure 3), indicating that it
is in the reduced Mo(IV) state. In order to outline the ge-
ometry of the catalytic reaction, a product molecule was
modeled into the active center (Figure 6). This model
suggests the reaction sequence shown in Figure 7A. It
is supported by enzyme activity and inhibition data of
several substrate-related compounds given in Figure 7B.
These compounds outline the active center pocket and
their relative catalytic rates support the suggested reac-
tion geometry.
Electron Transport
After the hydroxylation of ethylbenzene, the molybde-
num ion is in the Mo(IV) state and must be reoxidized
to Mo(VI) in order to complete the reaction cycle. This
is achieved through the chain of redox cofactors con-
necting the molybdenum with heme b of the g subunit,
from where the electrons are donated to a yet-unknown
carrier. Presumably, this carrier is a cytochrome c, cou-
pling ethylbenzene oxidation to the nitrate respiration of
A. aromaticum. The structure of the electron transport
chain is shown in Figure 8.
The electron transport chain starts with a compara-
tively long edge-to-edge distance of 8.4 A˚ between the
S4a atom of MGD-Q at Mo(IV) and Cys86-Sg at cluster
Structure
1384Figure 6. Stereoview of the Active Center Showing the Position of the Modeled Reaction Product 1-(S)-Phenylethanol in Cyan and, after the
Addition of the Second Phenyl Ring Colored Yellow, also the Position of the Product 1-(S)-(20-Naphthyl)Ethanol
The contacts (green dashed lines) indicate distances larger than 3.2 A˚. Four distances are specified. The addition of the second phenyl ring
causes only a negligible change of the ethanol conformation and position, demonstrating how substrates larger than the usual ethylbenzene
can be accommodated. The molybdenum ion shows a slightly distorted trigonal prismatic coordination. Both the open molybdopterin cofactor
MGD-P and the closed cofactor MGD-Q serve as bidentate ligands via their dithiolene sulfurs. The fifth ligand is Asp223-Od2 backed up by
Lys450-Nz. During catalysis, His192 is expected to function as a base. The observed S-configuration of the reaction product is consistent
with the active center geometry.FS0. Here, a through-bond combined with a 4.0 A˚
through-space transfer from the C4a or N10 atoms of
MGD-Q to Cys86-Ca seems possible (Figure 8). Cluster
FS0 is unusual in that one of the four iron ligands is a
histidine instead of a cysteine as commonly observed.
Such a [4Fe-4S] cluster environment has only been
found in nitrate reductase NarG (Bertero et al., 2003;
Jormakka et al., 2004), in a hydrogenase (Volbeda
et al., 1995), and in the Rieske protein component of cy-
tochrome bc1 (Iwata et al., 1996). Moreover, Lys129-Nz
is hydrogen bonded to N8a of MGD-Q and at a close
3.9 A˚ distance to Cys127-Sg at FS0. A lysine or arginine
was also observed at the equivalent positions of NarG
(Bertero et al., 2003), of formate dehydrogenases-N
(Jormakka et al., 2002) and -H (Boyington et al., 1997),
of the nitrate reductase NapA (Dias et al., 1999; Arnoux
et al., 2003), and of arsenite oxidase (Ellis et al., 2001).
This residue is probably important because a change
from lysine to methionine in NapA from Ralstonia eutro-
pha inactivated the enzyme completely (Hettmann et al.,
2003). The histidine ligand and the adjacent lysine point
to a relatively high midpoint potential of FS0.
In each of the following transfer steps from FS0 to
FS4, two of the four cysteines attached to each cluster
are close together, reminiscent of the relationship be-
tween the two clusters of the ferredoxins (Figure 5). All
distances are short so that the transfer should be
much faster than the chemical reactions (Page et al.,
1999). The last step from the [3Fe-4S] cluster FS4 to
the heme has the longest edge-to-edge distance. How-
ever, there are through-bond pathways along the hydro-
gen bonds between Lys185 and His187 of the b subunit
and the two propionate groups of the heme, as well as
through Cys163 and Pro164-Cd via a 4.0 A˚ through-
space distance to the 1-carbon of a propionate (Fig-
ure 8). An addition of the six through-space transfer dis-
tances results in 43.6 A˚, which is 20.4 A˚ shorter than the
direct through-space distance of 64.0 A˚ between the
molybdenum and the heme iron.Discussion
Catalytic Mechanism
While all other structurally known Mo-bisMGD enzymes
process polar substrates, EBDH hydroxylates an inert
hydrocarbon molecule. In the presented crystal struc-
ture, the molybdenum is presumably in its Mo(IV) state
because the alternative Mo(VI) state would bind a water
Figure 7. Putative Reaction Sequence of EBDH
(A) Sketch of the catalytic reaction starting from an oxo group bound
to the Mo(VI) ion. The C2 atom is polarized by Asp223-Od2 backed-
up by Lys450-Nz facilitating the flow of an electron pair and a proton
from the C1 atom to the oxo group at Mo(VI). Subsequently, the tran-
sient carbocation accepts the hydroxyl group leaving molybdenum
in its reduced Mo(IV) state. Most likely, His192-N3 supports the
transfer in both directions. After transferring the two electrons via
heme b to the external acceptor, the resulting Mo(VI) binds a water
molecule at the position of one of the oxygens of the acetate (Fig-
ure 3) and converts it to an oxo group (not shown). The two emerging
protons can be picked up by His192 and released through the active
center pocket to the bulk solvent.
(B) Relative enzyme activities for the five related molecules ethyl-
benzene, n-propylbenzene, 20-ethylnaphthalene, iso-propylbenzene
(is not an inhibitor), and toluene. The specific activity of EBDH for
ethylbenzene is 1.9 U/mg.
Structure of Ethylbenzene Dehydrogenase
1385Figure 8. Stereoview of the Electron Transport Chain between the Molybdenum Ion and Heme b
All residues are given in their subunit colors (Figure 1). The axial ligands of the heme iron are a methionine and a lysine. Lys185 and His187 of the
b subunit are in close proximity to the [3Fe-4S] cluster FS4 and directly hydrogen bonded to the heme propionate side chains. The edge-to-edge
distances of the redox factors, which extend between the thiol groups at Mo, the cysteine Sg atoms holding the clusters, and the porphyrin ring
are indicated by green dashed lines. Hydrogen bonds are shown as blue dashed lines and the 4.0 A˚ and 4.2 A˚ through-space transfer routes by
gray dotted lines.molecule and convert it to an oxo ligand. Certainly no
such ligand is present as demonstrated by the electron
density shown in Figure 3. The crystal structure corre-
sponds to the resting state after hydroxylation has oc-
curred and should be able to accommodate the reaction
product 1-(S)-phenylethanol. Therefore, we modeled
this complex placing the hydroxyl group in the position
of the buffer acetate oxygen coordinating Mo(IV). As
shown in Figure 6 the product fits well into the active
center pocket. The side chains of Trp87 and Trp481 on
one side and the Mo-coordinating Asp223 on the otherhold the phenyl ring in place and provide enough space
for the 2-methyl group, which contacts Phe446.
The proposed reaction sequence starts with an oxida-
tion of the Mo(IV) ion to the Mo(VI) state by the removal
of two electrons via the electron transport chain to the
heme. Mo(VI) binds a water molecule, most likely at
the position where the acetate oxygen contacts the mo-
lybdenum ion in our structure (Figure 6) as no suitably
positioned water molecule was present. The Mo(VI)-wa-
ter adduct releases two protons via His192 to the bulk
solvent to form the oxo group shown as the initial state
Structure
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larized by the carboxyl group of Asp223, supporting the
transfer of an electron pair and a proton from the C1
atom to the oxo group at Mo(VI). This transfer results
in a transient hydroxyl group bound to Mo(IV) and in a
transient carbocation at C1. Subsequently, the hydroxyl
group at Mo(IV) adds to the C1 atom of the substrate.
His192-N3 most likely facilitates the transfer in both
directions. The observed geometry is consistent with
this proposal but cannot confirm it in detail. However,
it is clear that the C2 atom is required for catalysis be-
cause toluene is not hydroxylated and known to act as
an inhibitor, although the C1 atom should be at the ap-
propriate position. Moreover, the formation of a transient
carbocation instead of a C1-C2 double bond is sup-
ported by the inability of the enzyme to process styrene
(Johnson and Spormann, 1999).
As shown in the model of Figure 6, the substrate ethyl-
benzene fits perfectly into the end of the active center
pocket at the molybdenum ion. The activity data of eth-
ylbenzene and closely related compounds (Figure 7B)
indicate that there is some space left in front of the C2
atom because EBDH is still active with n-propylbenzene.
This agrees well with the rather long distance between
C2 and Phe446. However, there is no space around
the C1 atom as iso-propylbenzene is inactive and does
not even bind. The relatively high activity of EBDH for
20-ethylnaphthalene demonstrates that there is enough
space on the side of the substrate facing the opening
of the active center pocket (Figure 6). The fact that tolu-
ene apparently binds well but is not processed agrees
with the structure and also with the proposed reaction
sequence, which requires the C2 atom for the deproto-
nation of C1 (Figure 7A).
Structure-Based Comparisons
The three subunits of EBDH differ greatly from each
other. The a subunit with its Mo-bisMGD cofactors
shows chainfold similarity and also some sequence sim-
ilarity to the other structurally established enzymes of
the DMSO family listed in Table 2. The closest relative
is certainly the respiratory nitrate reductase subunit
NarG, which, however, has a more than 300 residue lon-
ger chain. Both are the only structurally known members
of subfamily II, which is defined by an aspartate as Mo
ligand. Moreover, NarG also has an open MGD in com-
mon with EBDH.
It should be noted that the electron flow direction of
NarGHI and EBDH are reversed, although the transfer
pathways are structurally very similar. In EBDH, the sub-
strate is anaerobically oxidized in the a subunit and the
resulting two electrons pass over to the heme of the g
subunit, where they are probably picked up by a soluble
cytochrome. In contrast, the hemes of the g0 subunit of
NarGHI from E. coli, which are located in the membrane,
pick up electrons from the quinone pool and transfer
them to the a subunit where they reduce nitrate to nitrite.
This indicates that the b subunit should merely function
as a conducting wire implying similar redox potentials
for all four clusters. A third possibility is observed in
the homologous b subunit of pyrogallol-phloroglucinol
transhydroxylase, which lacks the fourth cluster (Table
2). Presumably, this enzyme uses the clusters as ashort-term electron sink rather than for electron transfer
(Messerschmidt et al., 2004).
Some DMSO family members share a similar b subunit
with EBDH (Table 2). Again the closest relative is the re-
spiratory nitrate reductase subunit NarH, despite its ap-
proximately 150 additional residues. In contrast, the g
subunit of EBDH has no counterpart in the structurally
known DMSO family members. However, with respect
to chainfold and active center locations, it is related to
structurally distinct domains of otherwise completely
unrelated proteins (Table 2).
NarGHI of E. coli and EBDH are in different cellular
locations. EBDH is soluble in the periplasm, whereas
NarGHI ofE. coli is located in the cytoplasm but attached
to the cytoplasmic membrane through its membrane-
immersed g0 subunit. In contrast to NarGHI of E. coli,
the NarGHI enzymes of extreme halo- and thermophile
archaea are located outside the cytoplasm, but they
are not soluble like EBDH. Most likely, these archaeal
NarGHI are attached to the cytoplasmic membrane
through a presumably a-helical trans-membrane anchor
at the C terminus of their g0 subunits.
Experimental Procedures
Protein Production and Enzymatic Assay
A. aromaticum strain EbN1 was cultivated anaerobically in 1 l stop-
pered bottles in mineral salt medium at 30C with ethylbenzene
(1 mM) as the carbon and energy source and nitrate (10 mM initial
concentration) as terminal electron acceptor (Rabus and Widdel,
1995). Subsequently, bacteria were grown anaerobically in a 200 l
batch and harvested as described (Kniemeyer and Heider, 2001;
Rabus and Heider, 1998). For enzyme preparation, 40 g of wet cells
were resuspended in 40 ml of a 20% (v/v) aqueous glycerol solution
containing 0.05 mg/ml DNAase I (Applichem). Cells were passed
once through a French press (137 MPa), and cellular debris was re-
moved by ultracentrifugation for 1 hr at 4C at 100,000 3 g. EBDH
was stabilized by adding 100 mM of the oxidant ferricenium tetra-
fluoroborate (Aldrich).
All chromatographic steps were carried out over a period of 4 days
under aerobic conditions at 4C. Cell extracts were applied on a Q-
Sepharose fast flow column (Amersham Biosciences) equilibrated
with buffer A (10 mM Tris-HCl [pH 8.0], 10% glycerol, and 100 mM fer-
ricenium tetrafluoroborate). EBDH was in the flow through, which
was then centrifuged (1 hr, 4C, 100,000 3 g) to remove particulate
material. The supernatant was loaded onto a ceramic hydroxylapa-
tite column (Bio-Rad) equilibrated with buffer B (10 mM Tris-acetate
[pH 8.0], 10% glycerol, and 10 mM ferricenium tetrafluoroborate). By
using a 0–300 mM potassium phosphate gradient in buffer A, EBDH
eluted between 160 and 200 mM potassium phosphate and was
pure by SDS gel electrophoresis. The procedure resulted in 1.5 mg
EBDH per gram of wet cell mass.
The catalytic activity of EBDH was measured as the decrease of
absorption of ferricenium at 290 nm as previously described (Knie-
meyer and Heider, 2001), except that the assay was performed at
the optimum temperature of EBDH of 55C and that 100 mM ferrice-
nium tetrafluoroborate (Aldrich) was used as electron acceptor in-
stead of ferricenium hexafluorophosphate.
Crystallization, Data Collection, and Phasing
EBDH was crystallized in sitting drops under strictly anaerobic con-
ditions in a glove box at 293 K. A drop consisted of 2.5 ml protein
solution (21 mg/ml EBDH, 10 mM Tris-acetate [pH 8.0], 160 mM po-
tassium phosphate, 10% glycerol, 100 mM ferricenium tetrafluoro-
borate) and 2.5 ml reservoir buffer (45%–50% PEG 550 MME, 125
mM MES [pH 6.5], 3.5 mM ZnSO4). It should be expected that the
oxidant in the drop was consumed after a couple of hours so that
the crystalline enzyme should be in its reduced state. Crystals ap-
peared after a few days and reached their maximum size of
100 3 100 3 500 mm3 within four weeks. Due to the arid conditions
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nificant, increasing the precipitant concentration to levels sufficient
for cryoprotection. In an aerobic environment, the crystals lost
their red color within about 8 hr, presumably because the heme
iron was oxidized. The crystals also lost their diffraction power,
probably because of damage by oxygen radicals produced by the
reduced heme iron. However, the EBDH crystals were stable
when flash frozen in liquid nitrogen directly after removal from the
glove box.
All data were collected at beam line X06SA at the Swiss Light
Source (Villigen, CH). The SAD data set was collected at the iron K
edge with a strongly attenuated beam. The K edge had been deter-
mined by an X-ray fluorescence scan. All diffraction intensities were
processed and scaled with XDS and XSCALE (Kabsch, 1993). The
anomalous differences were calculated with XPREP (Bruker Nonius)
and the positions of five Fe-S clusters and of the heme b iron were
established with SHELXD (Schneider and Sheldrick, 2002). How-
ever, the individual iron atoms within the clusters were not resolved
so that the five clusters had to be treated as single entities. Accord-
ingly, the protein phases were calculated to merely 4.2 A˚ resolution
with MLPHARE (Otwinowski, 1991). Density modification with
RESOLVE (Terwilliger, 2000) resulted in an interpretable map at
4.2 A˚ resolution. Following the Fe-S cluster positions, which were
clearly established by the anomalous signal, several polypeptide
chain segments of the homologous a and b subunits of the E. coli re-
spiratory nitrate reductase NarGHI (Bertero et al., 2003) were placed
manually into the electron density by using COOT (Emsley and Cow-
tan, 2004). The model phases from this partial model of the EBDH
a and b subunits was combined with the SAD phases by using RE-
SOLVE and, in numerous iterative steps, extended to 2.4 A˚ resolu-
tion. The resulting electron density map was manually traced with
COOT yielding a 90% complete model. At the final stages of the
phasing procedure, the phases were extended to 1.88 A˚ resolution
with the high-resolution data set, and model building was continued
with ARP/wARP (Perrakis et al., 1999).
Structure Refinement and Modeling
The model was completed by rounds of manual rebuilding with
COOT and refinement with REFMAC (Murshudov et al., 1997). All co-
factors were clearly visible in difference Fourier maps and included
in the model. Water molecules were placed with ARP/wARP and
manually checked for good stereochemistry. Finally the structure
was refined with one TLS group for each subunit with its cofactors.
No restraints were applied to metal-ligand distances at the Mo
center. For modeling of substrate and product complexes, ligands
were manually placed into the active center cavity by using COOT
and then energy minimized with CNS (Bru¨nger et al., 1998). Coordi-
nates and topology of cofactors and ligands were generated and
energy minimized by using PRODRG2 (Schu¨ttelkopf and van Aalten,
2004). Structure similarity searches were performed with DALI (Holm
and Sander, 1993), superpositions produced with SSM (Krissinel
and Henrick, 2004), and structure-based sequence alignments
with T-COFFEE (Poirot et al., 2004). Figures were generated with
POVscript+ (Fenn et al., 2003) and POVRAY (http://www.povray.
org/).
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